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@ Three dimensional modeling apparatus and method. 

(g) A system responsive to coordinate information for auto- 
matically providing a three-dimensional physical object (373) of 
a desired geometry and comprising apparatus for selectably 
solidifying a solidifiable material on a sequential layer by layer 
basis characterized in that following selectable solidification 
(372) of a given layer, the non-solidified portions thereof are 
removed and replaced by a removable support material (374) 
which is not solidifiable under the same conditions as the 
solidifiable material. 
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Description 



THREE DIMENSIONAL MODELING APPARATUS AND METHOD 



The present invention relates to apparatus and a 
method for three-dimensional modeling generally 
and more particularly to apparatus and a method for 5 
three-dimensional modeling in response to a com- 
puter output. 

Various systems for three dimensional modeling 
have been proposed. There is described, in U.S. 
Patent 4,575,330 to Hull, apparatus for production of 10 
three-dimensional objects by stereolithography. The 
system described therein is intended to produce a 
three-dimensional object from a fluid medium ca- 
pable of solidification when subjected to prescribed 
synergistic stimulation and comprises apparatus for 15 
drawing upon and forming successive cross-sec- 
tional laminae of the object at a two-dimensional 
interface and apparatus for moving the cross-sec- 
tions as they are formed and building up the object in 
step wise fashion, whereby a three-dimensional 20 
object is extracted from a substantially two-dimen- 
sional surface. 

An earlier publication by Hideo Kodama entitled 
"Automatic method for fabricating a three-dimen- 
sional plastic model with photo-hardening polymer", 25 
Rev. Sci. Instrum. 52(11) Nov., 1981, pp. 1770 - 1773 
describes many of the features appearing in the Hull 
Patent as well as additional features. 

An article by Alan J. Herbert entitled ■ Solid Object 
Generation" in Journal of Applied Photographic 30 
Engineering 8: 185 - 188 (1982) describes the design 
of apparatus for producing a replica of a solid object 
using a photopolymer. 

Fig. 5 of the Hull Patent and Figs. 1 A and 1 B of the 
Kodama article illustrate layer by layer buildup of a 35 
model through radiation applied to a solidifiable 
liquid through a mask using a "contact print" 
technique. Accordingly, the pattern mask for each 
layer must be in a 1:1 scale relationship with the 
object to be generated and must be located 40 
extremely close to it. 

A number of difficulties are involved in the use of a 
contact print technique due to the required 1:1 
scale. If a complex object having a typical size of up 
to 10 inches on each side is contemplated and 45 
resolution of 100 microns is desired, approximately 
2500 masks will be required, covering an area of over 
150 sq. meters. An extremely fast mechanism for 
moving and positioning the masks and the use of 
non-standard film of a given size for a given scale 50 
output would be required. 

The required proximity of the mask to the object in 
contact print exposure is not believed to be 
desirable in an industrial environment because of 
anticipated contact between the mask and the 55 
solidifiable liquid due to vibrations in the liquid during 
positioning and movement of the masks and due to 
spurious impacts. 

Neither Kodama nor Hull provides apparatus for 
accurate positioning of the mask and accurate 60 
registration of masks for different layers. The 
positioning error must not exceed the desired 
resolution, typically 100 microns. 



Both Kodama and the Hull patent employ an 
arrangement whereby the object is built up onto a 
base which lies in a container of solidifiable liquid 
and moves with respect thereto. Such an arrange- 
ment involves placing a base displacement mechan- 
ism in the container and in contact with the 
solidifiable liquid. Due to the high viscosity and 
glue-like nature of such liquids, it is believed to be 
impractical to operate such a system when it is 
desired to change materials in order to vary the 
mechanical properties or color of the object being 
generated. Neither Hull nor Kodama are suitable for 
use with highly viscous liquids. 

Furthermore, should excessive radiation be ap- 
plied to the liquid, the entire volume might solidify, 
thus encasing the support mechanism therein. 

Definition of the bottom limit of solidification for a 
given layer is achieved in the Hull and Kodama 
references by precise control of irradiation energy 
levels. Due to the fact that energy intensity de- 
creases exponentially with depth within the liquid, 
this technique does not provide a sharp definition in 
layer thickness, as noted by Hull on pages 9 and 10, 
referring to Fig. 4. Hull suggests solving the problem 
of bottom limit definition by using an upwardly facing 
radiation technique which is not applicable to many 
geometrical configurations. 

The prior art exemplified by the Kodama and Hull 
references does not provide teaching of how to 
model various geometries which involve difficulties, 
for example a closed internal cavity, such as a hollow 
ball, isolated parts, such as a linked chain, and 
vertically concave shapes, such as a simple water 
tap. The identification of situations which require the 
generation of support structures and the automatic 
generation of such structures are not suggested or 
obvious from the prior art. Neither Kodama nor Hull 
contain suggestions for maximizing utilization of the 
available model generation volume. 

An additional difficulty involved in prior art mode- 
ling techniques of the type exemplified by the 
Kodama and Hull references, but which is not 
explicitly considered by either, is shrinkage of the 
solidifiable liquid during solidification. Normal shrink- 
age for most of the available resins employed in the 
prior art is about 8% in volume and 2% in each linear 
dimension. This shrinkage can affect the dimen- 
sional accuracy of the three dimensional model in 
the following principal ways: two-dimensional linear 
scale changes, two-dimensional non-linear distor- 
tions due to internal stresses with each individual 
layer as it solidifies and three-dimensional distor- 
tions due to stresses arising from stresses in the 
overall model during a final curing step. 

The Hull technique suggests the use of direct 
laser writing in a vector mode, which requires 
extreme uniform writing speed in order to maintain a 
constant energy level and produce a uniform layer 
thickness and extremely sensitive resins. 

The present invention seeks to provide a three- 
dimensional modeling apparatus and method, which 
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is fast, accurate and is suitable for use in an 
industrial environment. 

There is thus provided in accordance with the 
present invention a system responsive to coordinate 
information for automatically providing a three- 
dimensional physical model (object) of a desired 
geometry and comprising means for selectably 
solidifying a solidifiable material on a sequential layer 
by layer basis characterized in that, following 
selectable solidification of a given layer, the non-so- 
lidified portions thereof are removed and replaced 
by a removable support material which is not 
solidifiable under the same conditions as the 
solidifiable material. There is also provided in 
accordance with the present invention a method 
responsive to coordinate information for automati- 
cally providing a three-dimensional physical model of 
a desired geometry and comprising the step of 
selectably solidifying a solidifiable material on a 
sequential layer by layer basis characterized in that, 
following selectable solidification of a given layer, the 
non-solidified portions thereof are removed and 
replaced by a removable support material which is 
not solidifiable under the same conditions as the 
solidifiable material. 

Additionally in accordance with the present inven- 
tion, there is provided a system for automatically 
providing a three-dimensional physical model of a 
desired geometry and comprising means for se- 
quentially irradiating a plurality of layers of a 
solidifiable liquid via erasable masks produced jn 
accordance with received coordinate information. 

Further in accordance with the present invention, 
there is provided a system for automatically provid- 
ing a three-dimensional physical model of a desired 
geometry and comprising means for sequentially 
irradiating a plurality of layers of a solidifiable liquid 
via masks in a non-contacting proximity exposure 
wherein the masks are produced in accordance with 
received coordinate information, compensating for 
distortions resulting from the separation of the 
masks from the layers and the use of non-collimated 
illumination in the non-contacting proximity expo- 
sure. Additionally in ce with the present invention, 
there is provided a method of automatically provid- 
ing a three-dimensional physical model of a desired 
geometry and comprising the steps of sequentially 
irradiating a plurality of layers of a solidifiable liquid 
via erasable masks produced in accordance with 
received coordinate information. 

Further in accordance with the prasent invention, 
there is provided a method for automatically provid- 
ing a three-dimensional physical model of a desired 
geometry and comprising the steps of sequentially 
irradiating a plurality of layers of a solidifiable liquid 
via masks in a non-contacting proximity exposure 
wherein the masks are produced in accordance with 
received coordinate information, compensating for 
distortions resulting from the separation of the 
masks from the layers and the use of non-collimated 
illumination in the non-contacting proximity expo- 
sure. 

It is a particular feature of the present invention 
that the mask production with compensation may 
occur in real time or near real time and is carried out 



preferably by a straightforward linear transformation 
of coordinates. Such a transformation can be carried 
out readily as part of a vector to raster conversion 
process which normally occurs in preparation for 

5 three-dimensional modeling. 

Exposure through the erasable mask may be 
line-by-line exposure using an electro-optic shutter, 
such as a light switching array, or frame-by-frame 
exposure using a planar array such as an LCD array. 

10 As an further alternative, the mask may be written 
directly onto the surface of the solidifiable liquid as 
by an ink jet printer or plotter. 

Further in accordance with a preferred embodi- 
ment of the present invention, the solidifiable liquid 

15 is formulated to have relatively small amounts of 
shrinkage. 

According to a preferred embodiment of the 
invention, the active resin in the solidifiable liquid, 
which has a given shrinkage coefficient, is mixed 
20 with another resin which has a given expansion 
coefficient in order to provide a mixture which has a 
zero or near zero shrinkage coefficient. 

According to an alternative embodiment of the 
present invention, radiation of the liquid layer is 
25 carried out such that, as shrinkage occurs, addi- 
tional solidifiable liquid moves into place to take up 
the shrinkage and is solidified, uniform thickness of 
the entire solidified portion of the solidifiable liquid 
layer being maintained. 
30 According to a further alternative embodiment of 
the invention, radiation of the liquid layer may be 
patterned to restrict shrinkage at any given time to 
localized areas. 
Additional apparatus and methods of modeling 
35 are also provided in accordance with preferred 
embodiments of the present invention. 

The invention will now be described by way of 
non-limiting embodiments with reference to the 
accompanying drawings, in which: 
40 Figs. 1A and 1B are generalized block 

diagram illustrations of two alternative embodi- 
ments of a three dimensional modeling system 
constructed and operative in accordance with 
the present invention; 
45 Fig. 1C is a pictorial illustration of proximity 

exposure employed, according to a preferred 
embodiment of the invention, in the apparatus 
of Figs. 1Aand 1B; 
Fig. 2 is a cross sectional illustration of a 
50 hollow object formed by using the present 

invention and including liquid drain conduits 
formed therein; 

Fig. 3 is a pictorial Illustration of a complex 
object formed by using the present invention 
55 and including support legs integrally formed 

therewith; 

Fig. 4 is a pictorial illustration of two nested 
objects formed by using the present invention; 
Figs. 5A and 5B are illustrations of initially 
60 isolated parts of an object during formation 

thereof in accordance with the present inven- 
tion and of the finished object respectively; 

Fig. 6 is an illustration of a three-dimensional 
mapping and modeling technique employing a 
65 solid supporting material ; 
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Fig. 7 illustrates a problem of spillover of 
solidifiable material; 

Fig. 8 illustrates a technique for overcoming 
the problem of spillover of solidifiable material; 

Fig. 9 illustrates a section of a three-dimen- 
sional model formed by using the invention 
which overcomes the problem of spillover of 
solidifiable material; 

Fig. 10 is a side sectional illustration of 
support elements joining a three-dimensional 
model to a surrounding enclosure in accord- 
ance with a technique of the type shown in 
either of Figs. 8 and 9; 

Fig. 1 1 is a perspective view illustration of a 
material removal mechanism employing a fluid 
strip in accordance with an embodiment of the 
present invention; 

Fig. 12 is an illustration of a technique for 
removal of non-polymerized solidifiable material 
in accordance with an embodiment of the 
present invention; 

Fig. 13 is an illustration of a technique for 
solidification of residual nOn-polymerized solidi- 
fiable material in accordance with an embodi- 
ment of the present invention; 

Fig. 14 is an illustration of a technique of 
controlling the thickness of a layer employing 
machining techniques; 

Fig. 15 is an illustration of apparatus useful in 
the technique of Fig. 14; 

Figs. 16A, 16B, 16C and 16D illustrate a 
technique for shrinkage compensation em- 
ploying radiation through complementary 
masks; 

Fig. 17 is a side view pictorial illustration of 
apparatus for three dimensional modeling in 
accordance with an alternative embodiment of 
the present invention; 

Fig. 18 is a side view pictorial illustration of a 
variation of the apparatus of Fig. 17; 

Fig. 19 is a pictorial illustration of apparatus 
for direct exposure employing an electro-optic 
shutter, which is useful in a direct exposure 
modeling device according to the present 
invention; 

Fig. 20 is a schematic representation of an 
imaging system employing a partially reflective 
mirror which is useful in the present invention; 

Fig. 21 is a pictorial illustration of a three- 
dimensional model associated with utility ele- 
ments produced by using the invention; and 

Fig. 22 is a generalized illustration of a 
three-dimensional modeling system con- 
structed and operative in accordance with a 
preferred embodiment of the present invention. 
Reference is now made to Figs. 1 A and 1B which 
generally illustrate two alternative preferred embodi- 
ments of a three-dimensional modeling generator. 
The embodiment of Fig. 1 A provides direct exposure 
of a solidifiable liquid, while the embodiment of 
Fig. 1B provides indirect exposure thereof. 

Considering first the embodiment of Fig. 1 A, there 
is seen an energy source 20, such as a laser or a 
strong arc lamp having a short gap, which provides a 
beam of radiation via a beam modulator and 



deflector 30, which receives a data input from a data 
source 29. Data source 29 may comprise any 
suitable data source and may comprise a computer 
aided design (CAD) system, a computerized tomo- 
5 graph (CT) scanner, a graphic workstation, such as a 
PRISMA system manufactured by Scitex Corpora- 
tion of Herzlia, Israel, or a digital terrain model 
(DTM), implemented in a cartographic system such 
as an R280 system manufactured by Scitex Corpora- 
te tion. 

The modulated and deflected beam impinges on a 
layer of a solidifiable liquid, lying in a solidification 
plane 23. The solidifiable liquid may be any suitable 
radiation polymerizable material which is commonly 
15 used in the coating and printing industries. Exam- 
ples of such materials are as follows: 6180 of Vltralit, 
of Zurich, Switzerland. ELC 4480 of Electro-lite 
Corporation of Danbury, Connecticut, U.S.A. and 
UVE-1014 of General Electric Company of Schenec- 
20 tady, New York, U.S.A.. 

The solidifiable layer is typically supported on a 
positioning mechanism 26 and is associated with 
raw material and support material supply apparatus 
28 and layer fixing apparatus 30. A plurality of layers 
25 defining a built up model 24 are selectably solidified 
on a sequential layer by layer basis wherein following 
selectable solidification of a given layer, the non-so- 
lidified portions thereof are removed and replaced 
by a removable support material which is not 
30 solidifiable under the same conditions as the 
solidifiable material. 

The data received by the beam deflector 30 may 
be of any suitable form and is typically in raster form, 
vector form, or a combination of both. When raster 
35 data is received, the beam is deflected across the 
solidification plane so that it periodically sweeps the 
entire area of the layer in a dense and regular 
pattern, typically an arrangement of dense parallel 
lines. This pattern may be realized by deflecting the 
40 beam in a fast saw-tooth pattern in a first dimension , 
and in a slow saw-tooth pattern in a perpendicular 
dimension. As the beam sweeps the solidification 
plane, the data from the computer instructs the 
modulator to switch the radiated energy on and off, 
45 so that whenever the beam is directed to a location 
at which solidification is desired, the radiated energy 
is provided and whenever the beam is directed to a 
location at which solidification is not desired, the 
radiated energy is not provided. A suitable beam 
50 deflector driver for use with raster data is a scanning 
mirror, such as model S-225-015-XLOB5 available 
from Lincoln Laser Co. of Phoenix, Arizona, U.S.A.. 

When vector data is received, the beam is 
deflected to follow the desired contours of the solid 
55 parts in the solidification plane and to fill in the area 
delimited thereby. A suitable beam deflector driver 
for use with vector data may be found in galvanome- 
tric recorders manufactured by Honeywell, Test 
Instrument Division, Denver, Colorado, U.S.A. 
60 Considering now the indirect exposure embodi- 
ment of Fig. 1B, there is seen apparatus for 
producing graphic masks 32, typically including an 
energy source 34, such as a small visible light laser 
source, such as a laser diode, a beam deflector and 
65 modulator 35 arranged to receive a data output from 
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a computer or a storage medium, and a imaging 
mechanism 36 which is operative to produce a 
graphic exposure mask 38 for each layer or group of 
layers of solidifiable liquid to be exposed, as 
appropriate. 

The graphic exposure mask 38 is then exposed 
using a light source 40 such as a Model AEL IB, 
manufactured by Fusion UV Curing Systems of 
Rockville Maryland, U.S.A. or alternatively any suit- 
able collimated light source. Similarly to the embodi- 
ment of Fig. 1A, here the image of the mask is 
projected onto a solidification plane 23 so as to 
selectably solidify a layer of solidifiable liquid. 

The solidifiable layer is typically supported on a 
positioning mechanism 26 and is associated with 
raw material and support material supply apparatus 
28 and layer fixing apparatus 30. A plurality of layers 
are selectably solidified on a sequential layer by layer 
basis wherein following selectable solidification of a 
given layer, the non-solidified portions thereof are 
removed and replaced by a removable support 
material which is not solidifiable under the same 
conditions as the solidifiable material. 

In accordance with a preferred embodiment of the 
present invention, pre-processing of configuration 
information is provided in order to enable complex or 
hollow objects to be formed by the technique of the 
present invention. 

In accordance with an embodiment of the inven- 
tion, configuration information is received from a 
three dimensional CAD system, such as a Uni- 
graphics system, manufactured by McAuto of. St. 
Louis, Missouri, U.S.A., in the form a facet file, 
known as a geometry file generated by the software 
package known by the tradename °Unipix\ The 
apparatus of the present invention is operative to 
extract from the facet file, coordinate information in a 
layer by layer format. 

In accordance with an alternative embodiment of 
the invention, conversion of data from a CAD format 
to a raster format may be achieved by requiring the 
CAD system to generate a sequence of parallel 
sections of the object, each spaced from the other 
by the desired resolution. Data for each such section 
is then converted into two dimensional raster format 
having the desired resolution. A stack of such 
sections defines a three dimensional matrix. 

Sequential sectioning of three-dimensional ob- 
jects is a conventional capability in CAD systems 
and is known as a "topographical map function" in 
the MEDUSA system available from Prime Com- 
puter, of Natick, Massachusetts. Two dimensional 
conversion of CAD data into raster form is entirely 
conventional and is commercially available in" the 
Quantum 1 system manufactured by Scitex Corpora- 
tion Ltd. of Herzlia, Israel, and is know as the "plot" 
function in that system. 

Reference is now made to Fig. 1C, which 
illustrates non-contacting proximity exposure which 
is employed in accordance with a preferred embodi- 
ment of the present invention. A light source 50 and 
associated reflector 52, typically embodied in a 
Model AEL IB, manufactured by Fusion UV Curing 
Systems of Rockville Maryland, U.S.A. emits a 
generally conical beam 54 of of light within the UV 



band, which impinges on a mask 56. Mask 56 
typically comprises a transparent substrate 58, 
preferably formed of glass on the underside of which 
is formed, as by xerographic coating, a mask pattern 
5 60. 

The mask 56 is preferably spaced from the top 
surface of a solidifiable layer 62 in order to prevent 
possible contamination of the mask 56 by the 
solidifiable material. A preferred separation distance 
10 is between 0.5 and 1 .0 millimeter. 

It is a particular feature of the present invention 
that the configuration and dimensions of mask 
pattern 60 are determined in order to compensate 
for the distortions produced by the effect of the 
15 separation of the mask 56 from the layer 62 under 
non-coilimated illumination. 

Referring now to Fig. 2, there is seen a hollow 
object 100 constructed in accordance with the 
present invention. In accordance with a preferred 
20 embodiment of the present invention, a drainage 
conduit 102 and an air conduit 103 are formed in the 
model as it is built up in order to permit drainage of 
support material from the hollow region 104. The 
formation of such drainage conduits can take place 
25 in accordance with the following sequence of 
operative steps: 

1. START EXAMINING A LAYER (THE EXAM- 
INED LAYER) AT THE TOP OF THE THREE 
DIMENSIONAL MATRIX AND BEGIN TO 

30 CHECK EACH LAYER, LAYER BY LAYER; 

2. CHECK WHETHER THE EXAMINED 
LAYER OF THE MATRIX IS ALSO THE LOWEST 
LAYER, IF YES, GO TO STEP 9; 

3. IDENTIFY THE AREAS IN THE EXAMINED 
35 LAYER HAVING A ZERO BINARY VALUE ( THIS 

MAY BE ACHIEVED USING AN ALGORITHM 
AVAILABLE IN THE "CLAR* FUNCTION IN THE 
R-280 SYSTEM OF SCITEX CORPORATION 
LTD.) ; 

40 4. CHECK WHETHER THE ZERO AREAS IN 

THE EXAMINED LAYER OVERLAP ANY ZERO 
AREAS IN THE PRECEDING LAYER THAT WAS 
CHECKED; 

5. IF NO, DECLARE A NEW CAVITY AND 
45 ASSIGN THE NON OVERLAP ZERO AREAS 

THERETO AND PROCEED TO STEP 2 FOR A 
SUBSEQUENT LAYER LYING BELOW THE 
PREVIOUS EXAMINED LAYER; 

6. IF YES, AND IF THE ZERO AREA IN THE 
50 EXAMINED LAYER OVERLAPS EXACTLY ONE 

ZERO AREA IN THE PREVIOUS EXAMINED 
LAYER, ASSIGN IT TO THE SAME CAVITY AS 
THAT TO WHICH THAT ZERO AREA IN THE 
PREVIOUS EXAMINED LAYER IS ASSIGNED 
55 AND PROCEED TO STEP 2 FOR A SUBSE- 

QUENT LAYER LYING BELOW THE PREVIOUS 
EXAMINED LAYER; 

7. IF YES, AND IF THE ZERO AREA IN THE 
EXAMINED LAYER OVERLAPS MORE THAN 

60 ONE ZERO AREA IN THE PREVIOUS EXAM- 

INED LAYER, AND ALL OF THE OVERLAPPED 
ZERO AREAS IN THE PREVIOUS EXAMINED 
LAYER ARE ASSIGNED TO THE SAME CAV- 
ITY, THEN ASSIGN THE ZERO AREA IN THE 

65 EXAMINED LAYER TO THE SAME CAVITY AS 
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THAT TO WHICH THE OVERLAPPED ZERO 
AREAS IN THE PREVIOUS EXAMINED LAYER 
IS ASSIGNED AND PROCEED TO STEP 2 FOR 
A SUBSEQUENT LAYER LYING BELOW THE 
PREVIOUS EXAMINED LAYER; 

8. IF YES, AND IF THE ZERO AREA IN THE 
EXAMINED LAYER OVERLAPS MORE THAN 
ONE ZERO AREA IN THE PREVIOUS EXAM- 
INED LAYER, AND THE OVERLAPPED ZERO 
AREAS IN THE PREVIOUS EXAMINED LAYER 
ARE ASSIGNED TO DIFFERENT CAVITIES, 
THEN ASSIGN THE ZERO AREA IN THE 
EXAMINED LAYER AND REASSIGN ALL ZERO 
AREAS COMMUNICATING THEREWITH IN 
EARLIER EXAMINED LAYERS TO A SINGLE 
CAVITY, DISCARD THE REMAINING CAVITY 
DESIGNATIONS FOR THE REASSIGNED ZERO 
AREAS, AND PROCEED TO STEP 2 FOR A 
SUBSEQUENT LAYER LYING BELOW THE 
PREVIOUS EXAMINED LAYER; 

9. ONCE ALL OF THE LAYERS OF THE 
MATRIX HAVE BEEN EXAMINED, DETERMINE 
THE MINIMUM AND MAXIMUM VALUES OF X, 
Y AND Z OF EACH CAVITY; 

10. IF ANY OF THESE VALUES LIES AT THE 
PERIPHERY OF THE MATRIX, DISCARD SUCH 
CAVITY, AS IT IS NOT ISOLATED. ALL OTHER 
CAVITIES ARE CONSIDERED TO BE ISO- 
LATED; 

1 1 . FOR EACH ISOLATED CAVITY CHOOSE X 
AND Y COORDINATES ON THE EXTREME TOP 
AND BOTTOM LOCATIONS THEREIN HAVING 
RESPECTIVE HIGHEST AND LOWEST Z 
VALUES; 

12. FOR EACH CAVITY, ASSIGN ZERO 
VALUES TO LOCATIONS HAVING THE SAME X 
AND Y COORDINATES AS THE TOP LOCA- 
TION OR COORDINATES IN THE VICINITY 
THEREOF AND HIGHER Z VALUES THAN THE 
TOP LOCATION, THUS DEFINING A CONDUIT; 

13. FOR EACH CAVITY, ASSIGN ZERO 
VALUES TO LOCATIONS HAVING THE SAME X 
AND Y COORDINATES AS THE BOTTOM 
LOCATION OR COORDINATES IN THE VI- 
CINITY THEREOF AND LOWER Z VALUES 
THAN THE BOTTOM LOCATION, THUS DEFIN- 
ING A CONDUIT; 

14. OPTIONALLY, THE STEPS 12 AND 13 MAY 
BE TERMINATED WHEN THE CHANNELS 
DEFINED THEREBY COMMUNICATE WITH A 
CAVITY WHICH ALREADY HAS DEFINED IN 
ASSOCIATION THEREWITH CONDUITS COM- 
MUNICATING WITH THE PERIPHERY OF THE 
MATRIX. 

15. OPTIONALLY, THE CHANNELS MAY BE 
BLOCKED AFTER DRAINAGE BY FILLING OR 
PARTIALLY FILLING THEM WITH SOLIDIFI- 
ABLE LIQUID AND THEN SOLIDIFYING THEM . 

Reference is now made to Fig. 3, which illustrates 
an object constructed in accordance with the 
present invention and comprising mutually isolated 
parts 106 and 108. In accordance with an embodi- 
ment of the present invention, where a solid material 
is not employed, solid support legs 110 are gener- 
ated to support the isolated parts on the floor of the 



container or onto another part which is, itself, 
suitably supported. The thickness of the support 
legs is preferably determined by the load to be 
supported thereby during modeling. 
5 The formation of such support legs takes place in 
accordance with the following sequence of operative 
steps: 

1. START EXAMINING A LAYER (THE EXAM- 
INED LAYER) AT THE TOP OF THE THREE 

10 DIMENSIONAL MATRIX AND BEGIN TO 

CHECK EACH LAYER, LAYER BY LAYER; 

2. CHECK WHETHER THE EXAMINED 
LAYER OF THE MATRIX IS ALSO THE LOWEST 
LAYER. IF YES, GO TO STEP 9; 

75 3. IDENTIFY THE AREAS IN THE EXAMINED 

LAYER HAVING A UNITARY BINARY VALUE 
(ONE AREAS). ( THIS MAY BE ACHIEVED 
USING AN ALGORITHM AVAILABLE IN THE 
"CLAR" FUNCTION IN THE R-280 SYSTEM OF 

20 SCITEX CORPORATION LTD.); 

4. CHECK WHETHER THE ONE AREAS IN 
THE EXAMINED LAYER OVERLAP ANY ONE 
AREAS IN THE PRECEDING LAYER THAT WAS 
CHECKED; 

25 5. IF NO, DECLARE A NEW PART AND 

ASSIGN THE NON OVERLAP ONE AREAS 
THERETO AND PROCEED TO STEP 2 FOR A 
SUBSEQUENT LAYER LYING BELOW THE 
PREVIOUS EXAMINED LAYER ; 
30 6. IF YES, AND IF THE ONE AREA IN THE 

EXAMINED LAYER OVERLAPS EXACTLY ONE 
ONE AREA IN THE PREVIOUS EXAMINED 
LAYER, ASSIGN IT TO THE SAME PART AS 
THAT TO WHICH THAT ONE AREA IN THE 
35 PREVIOUS EXAMINED LAYER IS ASSIGNED 

AND PROCEED TO STEP 2 FOR A SUBSE- 
QUENT LAYER LYING BELOW THE PREVIOUS 
EXAMINED LAYER; 

7. IF YES, AND IF THE ONE AREA IN THE 
40 EXAMINED LAYER OVERLAPS MORE THAN 

ONE ONE AREA IN THE PREVIOUS EXAMINED 
LAYER AND ALL OF THE OVERLAPPED ONE 
AREAS IN THE PREVIOUS EXAMINED LAYER 
ARE ASSIGNED TO THE SAME PART, THEN 
45 ASSIGN THE ONE AREA IN THE EXAMINED 

LAYER TO THE SAME PART AS THAT TO 
WHICH THE OVERLAPPED ONE AREAS IN 
THE PREVIOUS EXAMINED LAYER ARE AS- 
SIGNED AND PROCEED TO STEP 2 FOR A 
50 SUBSEQUENT LAYER LYING BELOW THE 

PREVIOUS EXAMINED LAYER; 

8. IF YES, AND IF THE ONE AREA IN THE 
EXAMINED LAYER OVERLAPS MORE THAN 
ONE ONE AREA IN THE PREVIOUS EXAMINED 
55 LAYER, AND THE OVERLAPPED ONE AREAS 

, N the PREVIOUS EXAMINED LAYER ARE 
ASSIGNED TO DIFFERENT PARTS, THEN AS- 
SIGN THE ONE AREA IN THE EXAMINED 
LAYER AND REASSIGN ALL ONE AREAS 
60 COMMUNICATING THEREWITH IN EARLIER 

EXAMINED LAYERS TO A SINGLE PART, 
DISCARD THE REMAINING PART DESIGNA- 
TIONS FOR THE REASSIGNED ONE AREAS, 
AND PROCEED TO STEP 2 FOR A SUBSE- 
65 QUENT LAYER LYING BELOW THE PRE- 
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VIOUSLY EXAMINED LAYER; 

9. ONCE ALL OF THE LAYERS OF THE 
MATRIX HAVE BEEN EXAMINED, DETERMINE 
THE MINIMUM AND MAXIMUM VALUES OF X, 
Y AND Z FOR ALL OF THE PARTS; 5 

10. IF ANY OF THE VALUES OF MINIMUM Z 
EQUALS ONE, THEN DISCARD THAT PART 
SINCE IT LIES ON THE BOTTOM OF THE 
MATRIX AND DOES NOT REQUIRE SUPPORT. 
DECLARE ALL REMAINING PARTS, "ISO- 10 
LATED PARTS"; 

11. FOR EACH ISOLATED PART DETERMINE 
FOUR POINTS WITH EXTREME X AND Y 
COORDINATES. PREFERABLY CHOOSE 
SUCH LOCATIONS HAVING DIVERGENT X 15 
AND Y VALUES, SO AS TO PROVIDE WIDE 
SUPPORT FOR THE PART; 

12. FOR EACH PART, ASSIGN ONE VALUES 
TO LOCATIONS HAVING THE SAME X AND Y 
COORDINATES AS THE EXTREME LOCA- 20 
TIONS OR COORDINATES BEING WITHIN A 
PREDETERMINED RANGE, SUCH AS 1 MM OF 

THE LOCATION COORDINATES OF THE EX- 
TREME LOCATIONS AND LOWER Z VALUES 
THAN THE EXTREME LOCATIONS, THUS DE- 25 
FINING A PLURALITY OF SUPPORT LEGS; 

13. OPTIONALLY, THE STEPS 11 AND 12 MAY 
BE TERMINATED WHEN THE SUPPORT LEGS 
DEFINED THEREBY ENGAGE A PART WHICH 
ALREADY HAS DEFINED IN ASSOCIATION 30 
THEREWITH CONDUITS COMMUNICATING 
WITH THE PERIPHERY OF THE MATRIX. 

Additionally In accordance with a preferred em- 
bodiment of the present invention, as seen in Fig. 4, 
a plurality of separate objects 112 and 114 may be 35 
modeled together and placed with respect to each . 
other so that they do not touch, while at the same 
time, the plurality of objects is mutually nested so as 
to occupy a minimum overall volume. 

A technique for efficient nesting of a plurality of 40 
objects to be modeled at the same time may take 
place in accordance with the following sequence of 
operative steps: 

1. FOR EACH OF THE OBJECTS TO BE 
MODELED, DETERMINE THE EXTREME CO- 45 
ORDINATES AND COMPUTE A MINIMUM 
BOUNDING VOLUME IN THE FORM OF A BOX 

FOR EACH SUCH OBJECT; 

2. SORT THE BOUNDING VOLUMES IN 
DECREASING ORDER OF VOLUME; 50 

3. DEFINE A THREE-DIMENSIONAL RASTER 
MATRIX (MASTER MATRIX) IN WHICH THE 
OBJECTS WILL BE LOCATED; 

4. PLACE THE BIGGEST BOUNDING VOL- 
UME IN THE MATRIX BY COPYING THE 55 
CONTENTS OF THE MATRIX OF THAT OBJECT 
INTO THE MASTER MATRIX, STARTING AT 
LOCATION (1,1,1); 

5. FOR EACH OF THE REMAINING BOUND- 
ING VOLUMES, START WITH THE NEXT BIG- 60 
GEST VOLUME AND PROCEED ONE BY ONE 
UNTIL THE SMALLEST VOLUME IS REACHED, 

IN EACH CASE DETERMINE AN ORIENTATION 
IN THE MASTER MATRIX IN WHICH IT CAN BE 
PLACED WITHOUT OVERLAPPING OR 65 
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TOUCHING ANY OF THE PREVIOUSLY LO- 
CATED BOUNDING VOLUMES, WHILE CAUS- 
ING NO EXPANSION OR A MINIMAL EXPAN- 
SION OF THE ORIGINALLY SELECTED MAS- 
TER MATRIX DEFINED VOLUME. IN THE 
COURSE OF FITTING TRIALS, THE 6 
POSSIBLE ORTHOGONAL ORIENTATIONS 
MAY BE TRIED; 

6. WHEN THE BEST FIT IS FOUND, PLACE 
EACH OF THE REMAINING BOUNDING VOL- 
UMES IN ITS BEST FIT LOCATION ; 

7. THE PROCEDURE FOR GENERATING 
SUPPORT LEGS DESCRIBED ABOVE IN CON- 
NECTION WITH FIG. 6 MAY BE EMPLOYED TO 
PROVIDE SUPPORTS BETWEEN ADJACENT 
NON-TOUCHING OBJECTS. ANY OTHER SUIT- 
ABLE TECHNIQUE MAY ALSO BE EMPLOYED 
FOR THIS PURPOSE. 

Reference is now made to Figs. 5A and 5B which 
illustrate the modeling of an object which includes 
initially isolated portions which are joined as the 
model is built up from bottom to top. Fig. 5A shows 
the model at an intermediate stage having a portion 
120 isolated from the main portion 122, such that 
portion 120 requires support. Fig. 5B shows the 
completed model wherein the two portions have 
been joined such that portion 120 does not require 
additional support. 

If the support material is chosen to be a material 
which lacks the rigidity to support portion 120, 
intermediate support may be realized by initially 
identifying those portions which require intermedi- 
ate support and afterwards generating solid support 
legs, as described hereinabove in connection with 
Fig. 3. 

The steps of identifying those portions which 
require support may include the following sequence 
of operative steps: 

1. START EXAMINING A LAYER (THE EXAM- 
INED LAYER) AT THE BOTTOM OF THE THREE 
DIMENSIONAL MATRIX AND BEGIN TO 
CHECK EACH LAYER, LAYER BY LAYER; 

2. IDENTIFY THE AREAS IN THE EXAMINED 
LAYER HAVING A UNITARY BINARY VALUE 
(ONE AREAS). ( THIS MAY BE ACHIEVED 
USING AN ALGORITHM AVAILABLE IN THE 
"CLAR" FUNCTION IN THE R-280 SYSTEM OF 
SCITEX CORPORATION LTD.); 

3. CHECK WHETHER THE ONE AREAS IN 
THE EXAMINED LAYER OVERLAP ANY ONE 
AREAS IN THE PRECEDING LAYER THAT WAS 
CHECKED; 

4. IF NO, DECLARE AN ISOLATED AREA 
AND PROCEED WITH THE FOLLOWING 
STEPS. IF YES PROCEED TO STEP 2 FOR THE 
NEXT LAYER; 

5. GENERATE A SUPPORT FOR EVERY 
ISOLATED AREA, EITHER BY THE TECHNIQUE 
DESCRIBED ABOVE IN CONNECTION WITH 
FIG. 6 OR BY GENERATING A MESH AS 
FOLLOWS; 

6. WRITE FROM MEMORY A TWO DIMEN- 
SIONAL MESH MATRIX, TYPICALLY LYING IN 
A PLANE PARALLEL TO THE SOLIDIFICATION 
PLANE AND INCLUDING LINES OF WIDTH OF 
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THE ORDER OF 1-3 VOXELS. THE MESH IS 
SUPERIMPOSED ON THE PLANE OF THE 
ISOLATED AREA AND JOINS THE ISOLATED 
AREA TO THE WALLS OF THE CONTAINER 
AND TO STABLE OBJECTS THEREWITHIN. 
THE MESH MAY READILY BE REMOVED 
WHEN THE MODEL IS COMPLETED. 
Additionally in accordance with an embodiment of 
the invention, reference markings may be incorpor- 
ated in the model by selectably changing the 
coloring of the solidifiable liquid at predetermined 
layers. 

Reference is now made to Fig. 6 which illustrates 
an alternative embodiment of the invention wherein a 
solidifiable liquid layer 375 is provided in a container 
376 only at the solidification plane. Therebelow is 
disposed a support material 374, typically in solid 
form. In each layer, the polymerized resin is 
illustrated at reference numeral 372. The non-poly- 
merized resin is removed from the non-polymerized 
regions of each layer which are then are filled with a 
support material 374, which may initially be in a liquid 
or paste form. Accordingly, the depth of solidifica- 
tion is determined by the thickness of the solidifica- 
tion liquid layer 375. As a model 373 is built up 
(possibly in a container 376), the height of the 
support material is increased accordingly such that 
it reaches to just below the solidification plane. 

Solidification of the wax is preferably accelerated 
by application of a cold plate in contact with the 
surface of layer 375. Alternatively any other suitable 
technique for rapidly cooling the surface may be 
employed. 

The application of the support material 374 may be 
by spreading or by any other suitable technique. The 
support material can be allowed to solidify. An 
example of a suitable solidifiable support material is 
casting wax such as Cerita Filler Pattern Wax F 875, 
available from M. Argueso & Co., Inc. of Mamaro- 
neck, New York, U.S.A. This wax may be applied as a 
liquid at between 50 and 80 degrees centigrade and 
then be allowed to solidify at room temperature. 

Upon completion of the model, the wax may be 
removed by melting, as it will melt at about 60 
degrees centigrade, while typical polymers em- 
ployed as solidifiable materials in the present 
invention can withstand temperatures as high as 90 
degrees centigrade without degradation. It is noted 
that heating of the wax causes expansion thereof, 
which could, in certain circumstances, damage the 
model. 

According to the present invention, support 
materials other than wax may be employed. One 
example of another suitable support material is 
expandable polystyrene (EPS) which may be applied 
as a liquid, which solidifies into a rigid foam and 
which may be removed afterwards by use of suitable 
solvents such as acetone. 

Melting of the wax may be achieved by heating in 
an oven. If it is sought to use a microwave oven for 
this purpose, an additive, such as water can be 
added to the wax to absorb microwave energy. An 
example of a microwavable wax is 28-17 manufac- 
tured by M. Argueso & Co. 

Alternatively, and particularly when expansion of 



the wax is not acceptable, the support material can 
be removed by rinsing with a solvent. If water is to be 
used as a solvent, the support materia! can be Cerita 
Soluble Wax No 999, also available from M. Argueso 

5 & Co., Inc. 

The use of a solid support material provides the 
possibility of modeling without the use of a con- 
tainer. A difficulty can be foreseen however, spillover 
of the solidifiable material, prior to hardening 

10 thereof. Fig. 7 illustrates this anticipated problem 
and shows a layer 378 of polymerizable material, 
such as a resin, spread over previously formed 
layers 382. Spillover is illustrated at reference 
numeral 380. 

15 The problem of spillover can be eliminated by 
maintaining a peripheral barrier around the exposure 
plane. According to a preferred embodiment of the 
present invention, the problem of spillover may be 
obviated as shown in Fig. 8. A boundary 388 is 

20 formed around the layer, as by photopoiymerization 
of a polymerizable material by exposure thereof to 
strong UV light from a light source 384 via a mask 
386, which defines the boundary. 

Separate exposure of the boundary using the 

25 apparatus shown in Fig. 8 may be obviated, however, 
if the boundary is incorporated by the modeling 
software in the image data itself. Fig. 9 illustrates a 
layer produced by such integrated modeling soft- 
ware including a object 392, a boundary 394 and 

30 support material 396. 

. Reference is now made to Fig. 10, which illus- 
trates the use of the built up boundary 402 to 
support a modeled body 398 by means of support 
elements 400, which are generated integrally with 

35 boundary 402, which is supported in turn on a base 
404. 

Reference is now made to Fig. 11, which illus- 
trates a preferred embodiment of apparatus for 
reclaiming of unsolidified solidifiable material 401. 

40 The apparatus comprises a "push-pull" fluid strip 
generator 403 including a "push" portion 405 having 
a fluid stream inlet 407, coupled to a source of a 
pressurized fluid such as a gas, typically air, and 
defining an elongate nozzle 409. The "push" portion 

45 405 Is fixedly attached to a "pull" portion 41 1 , having 
an elongate inlet nozzle 413 which is arranged in 
spaced registration with nozzle 409 which communi- 
cates with a fluid outlet 415 coupled to a vacuum 
source (not shown). 

50 Operation of the fluid strip generator 403 provides 
a fluid conveyer which defines a fluid strip 417 
between nozzles 409 and 413. The fluid strip 417 
draws unsolidified solidifiable material 401 from 
unexposed regions of a layer 419 and conveys the 

55 material 401 via nozzle 413 and outlet 415 to a 
reclamation reservoir (not shown) or to a disposal 
location. By providing relative movement between 
the layer 419 and the generator 403, substantially ail 
of the unsolidified unsoiidifiable material may be 

60 removed from layer 419 as a prelude to supply 
thereto of support material. 

Additionally in accordance with a preferred em- 
bodiment of the present invention, there is provided 
an alternative technique for removal of unpoly- 

65 merized solidifiable material without removing the 
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solidified support material. Fig. 12 illustrates four 
typical stages in such a technique. At stage 1, a resin 
is partially polymerized, as at 406, in accordance with 
a predefined pattern, such that part of the resin, as 
at 408, remains in a non-polymerized state. 5 

At stage 2, a solvent 410, such as iso-propanol, is 
applied from a dispenser 412. As seen at stage 3, a 
brush 414 may be employed for mixing the solvent 
with the resin and thus producing a low viscosity 
fluid. At stage 4, a vacuum is applied, as via a conduit 10 
416, to remove the low viscosity fluid. 

It will be appreciated that notwithstanding the 
technique described above in connection with 
Fig. 12, a certain amount of residual unpolymerized 
resin remains, as indicated at reference numeral 420, 15 
in otherwise polymerized resin 418, shown in Fig. 13. 

It may be desirable to fully cure the residual resin 
418. Fig. 13 shows three stages in a residual resin 
solidification technique. Stage A is the stage prior to 
application of the technique of Fig. 12, while stage B 20 
illustrates the residual resin. According to a 
preferred embodiment of the present invention, the 
entire region containing the residual unpolymerized 
resin is flooded with UV radiation, thus polymerizing 
the residual resin as illustrated at stage C of Fig. 13. 25 

The foregoing technique of solidifying the residual 
unpolymerized resin provides enhanced adhesion 
between layers at the expense of somewhat lower 
accuracy, which nevertheless is within acceptable 
limits. 30 

In accordance with a preferred embodiment of the 
invention, it may be desirable to control the 
thickness and flatness of a given layer of the model. 
This may be accomplished advantageously by 
spreading a somewhat thicker layer of resin and 35 
support material and then mechanical machining 
subsequent to hardening of the solidifiable material 
and the support material. The use of such a 
technique may permit a much wider tolerance in the 
thickness of application of application of the resin 40 
layers. 

Mechanical machining may also have the following 
operational advantages : Vertical accuracy; roughen- 
ing the layer surface for better adhesion of the next 
layer; exposure of the polymer which had been 45 
covered with wax inadvertently; removal of the upper 
layer of the support material wax, which may contain 
oily components; removal of the top layer of the 
polymerized material which may not be fully poly- 
merized due to oxygen inhibition. 50 

Fig. 14 illustrates the use of a single or multiple 
blade fly cutter 430 to provide uniform thickness 
layers 426 and to remove excess material 428. 
Fig. 15 illustrates a typical fly cutter 432 in operative 
association with a layer surface 434. The use of a fly 55 
cutter 432 has the advantage that the net force 
applied to the workpiece at any given time is almost 
negligible. 

A problem of spatial distortion due to shrinkage of 
the solidifiable material upon solidification may be 60 
encountered. As noted above, such shrinkage may 
be as much as 2% in each linear dimension. 
According to one embodiment of the present 
invention, the problem of shrinkage may be over- 
come by using a multiple step irradiation technique, 65 
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wherein an initial irradiation takes place followed by 
shrinkage. Excess solidifiable material tends to 
move into the region vacated by the shrinkage. 

A second irradiation step, typically in the same 
pattern as the first step, takes place. Subsequent 
irradiation, hardening and filling in cycles may also 
take place, as desired. The above technique for 
overcoming the shrinkage problem may also be 
carried out in a continuous manner, by extending the 
duration of application of the radiation. This tech- 
nique is particularly useful in the present invention 
since, as contrasted with the teachings of Kodama 
and Hull, the present invention employs a uniform 
support material which does not solidify in response 
to radiation which solidifies the solidifiable material, 
and thus is immune to undesired solidification due to 
non-uniform application of radiation. 

According to an alternative embodiment of the 
present invention, a non-shrinking solidifiable liquid 
may be provided by mixing into the usual shrinking 
solidifiable liquid another liquid* which expands upon 
solidification by about the same amount that the 
shrinking solidifiable liquid shrinks. The ratio of the 
two components may be adjusted according to their 
shrinkage coefficients, so that the mixture has a zero 
or near zero overall shrinkage coefficient. A typical 
resin that expands upon polymerization is Norbor- 
nene Spiroorthocarbonate, which is mentioned in 
the proceedings of RADCURE, 1984, at page 11 - 1. 
It may be mixed with epoxy- type photopolymers 
which have the usual shrinkage coefficients of about 
2o/o. 

Distortions due to stresses in the model gener- 
ated during a final curing step may be avoided by 
eliminating the final curing step, which is made 
possible by fully curing each layer as it is formed by 
overexposure of each solidification layer as it Is 
formed. Such is not possible in accordance with the 
Hull and Kodama teachings. 

According to a further alternative embodiment of 
the present invention, the effects of shrinkage may 
be reduced by avoiding the simultaneous irradiation 
and solidification of large areas of the solidifiable 
layer. In this connection reference is made to 
Figs. 16A - 16D, which illustrate two step irradiation 
of a given pattern in complementary checkerboard 
patterns. 

Fig. 16A shows a typical solidification pattern 
mask for a given layer of a model. In accordance with 
an embodiment of the invention, this pattern is 
broken down into two complementary typically 
checkerboard pattern masks, illustrated in Figs. 16B 
and 16C. This pattern breakdown may be realized 
either photographically, using appropriate screens 
or electronically by logical AND operation between a 
mask pattern and a data pattern. 

The solidifiable layer is exposed through each of 
the complementary pattern masks separately, such 
that distortions due to shrinkage following the first 
exposure are at least partially compensated during 
the second exposure. If necessary, a third exposure 
may be carried out using a mask which corresponds 
to the complete pattern or selected portions thereof 
for filling in any unsolidified spaces in the pattern. 
The result of the complementary pattern exposure 
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technique is a superimposed solidified pattern as 
seen in Fig. 16D. 

According to an alternative embodiment of the 
invention, the image can be subdivided into localized 
regions by superimposing thereon a grid pattern. 
This grid pattern is preferably reoriented for each 
adjacent layer. 

According to a further alternative embodiment of 
the present invention, shrinkage compensation may 
be achieved by distorting the exposure masks 
through pre-processing so as to take into account 
expected shrinkage in the finished model. Such a 
technique is employed in molding or casting when 
molds are distorted for such purpose. 

According to an alternative embodiment of the 
invention, an image may be generated on a transpar- 
ent plate on a 1 :1 or close to 1 :1 scale by use of an 
ionographic electrophotographic method. This 
method maybe implemented using an ion deposition 
device such, as a model S3000 available from 
Delphax Systems, Inc. of Toronto, Canada, to charge 
an electrostatic image on the bottom side of a 
transparent dielectric plate, such as glass or 
Plexiglas. As the plate is moved across the device, 
the image is developed in a single-component 
development device, such as in model S3000, 
mentioned above. The plate then carries a visual 
representation of the image. The plate is then moved 
into place above the new layer, and serves as an 
exposure mask for a non-contact Imaging process. 
After exposure, the plate is returned to the coating 
station, after having been cleaned and discharged. 

Cleaning of the plate preferably takes place at the 
development station, so that almost all of the toner 
returns to the toner pool and can thus be recycled. 

Toner overflow can be compensated by decollima- 
tion. In electrophotography, it is known that while the 
location of the charged image on the dielectric 
medium is very accurate, the dry toner image tends 
to overflow from the black areas into the white areas. 
It is proposed to control the degree of light-collima- 
tion so that the white areas will be enlarged on the 
account of the black areas to compensate for toner 
overflow, thereby improving the accuracy of the 
image. 

in order to transfer the image to a thick glass plate 
the plate should be coated with a very thin layer of 
transparent conductor such as Tin Oxide superim- 
posed by a layer of dielectric material such as mylar. 
The dielectric material is charged by applying a high 
voltage to the conductive layer. 

Reference is now made to Fig. 17, which illus- 
trates an alternative indirect exposure technique 
which differs from the apparatus and technique 
illustrated in Fig. 1B in that it eliminates the use of 
photographic film, which is somewhat expensive and 
replaces it by an erasable mask. 

As seen in Fig. 17, the mask is typically formed on 
a glass substrate 264 as by an electrophotographic 
technique. A desired pattern typically is generated 
on a charged electrophotographic drum 266 using a 
laser beam from a laser source 268, passing through 
a beam modulator 270 and via a scanning device 272, 
which causes the beam to write line by line on the 
drum 266. 



Rotation of the drum in a direction 274 causes the 
written surface of the drum 266 to receive toner on 
the written pattern from a reservoir 276. The toner 
pattern is then contact transferred onto substrate 
5 264 and is subsequently fused thereon at a conven- 
tional fusing station 278. According to an alternative 
embodiment of the invention, the toner pattern is not 
directly transferred from the drum to the substrates, 
but instead one or more intermediate transfer 
10 cylinders are employed for this purpose. 

The patterned mask is conveyed into contact or 
near contact printing relationship with the solidifiable 
layer 281 and flood exposed as by a bright light 
source, such as a mercury vapor lamp 280. 
15 After exposure, the substrate is rinsed, cleaned 
and dried at a cleaning station 282 and recycled for 
re-use. 

After transfer of the image to the substrate 264, 
the drum surface is cleaned by a cleaning blade 284 

20 and is uniformly charged as by a corona discharge 
device 286 before being written upon once again. 

Advantages of the above-described embodiment 
include the ability to employ flood exposure of the 
solidifiable layer while maintaining relatively short 

25 exposure times without requiring highly sensitive 
photopolymers or the use of expensive photo- 
graphic film. 

According to an alternative embodiment of the 
invention, the apparatus of Fig. 17 may employ a 

30 continuous band of mylar or other flexible substrate 
instead of glass. Such an embodiment is illustrated 
in Fig. 18, the same reference numerals being 
employed to designate equivalent elements to those 
in Fig. 17. The substrate may be reused or 

35 alternatively discarded after one or more use. Where 
disposable masks are employed, they may be 
produced by any suitable laser printer or plotter 
operating in a conventional mode. 

Reference is now made to Fig. 19, which illus- 

40 trates an alternative direct exposure technique 
suitable for use in the apparatus of Fig. 1A. In the 
embodiment of Fig. 19, an elongate light source 288 
is employed to illuminate a single line of voxels on 
the solidifiable layer via an electronic line mask 290. 

45 The electronic line mask preferably comprises a light 
switching array of Phillips, Valvo Division. Alterna- 
tively, the mask may comprise a liquid crystal array, 
such as Datashow by Kodak, a PZT electro-optically 
switched array, or a mechanically operated linear 

50 mask. 

Both the mask and the light source are translated 
in a direction 292 across the solidifiable surface, the 
suitable one dimensional translation apparatus. 

A technique employing the apparatus illustrated in 
55 Fig. 19 has the advantage that it eliminates mask 
consumables. 

It is appreciated that various small objects can be 
combined by suitable nesting techniques already 
discussed above so that they can be formed 
60 together in one building up process. Similarly, a 
large object may be broken down into components, 
each of which may be made by the techniques 
described hereinabove. 

According to an alternative embodiment of the 
65 present invention, desired projection of UV light may 
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be achieved by using a special mirror whose 
reflectance can be modulated such that parts of its 
are reflective, while other parts are not. Such a 
reflective system can be found in a Softplot 1221 
Large Area Information Monochrome Display avail- 5 
able from Greyhawk systems, Inc. of Milpitas, 
California, U.S.A. A preferred configuration of pro- 
jection apparatus is shown in Fig. 20. 

Reference is now made to Fig. 21 which illustrates 
the association of utility elements to generated three 10 
dimensional physical models. Such elements may 
include a hanger 491 and indicia 493. Additionally an 
internal communication conduit 495 may be formed 
within a physical model 496. The model may be 
integrally formed with a removable external com- 75 
munication port 497 for attachment of an external 
device to conduit 495, such as for drainage of 
support material from an internal cavity in the model. 
Once the port 497 is no longer needed, it may readily 
be separated from the model. The same is true for 20 
elements 491 and 493. The geometrical definition of 
the utility elements is preferably stored in an 
appropriate library located in a computer memory 
such that the elements can readily be called up and, 
scaled and oriented onto the model as desired. 25 

In accordance with a preferred embodiment of the 
invention, the techniques and apparatus described 
herein may be employed in a negative mode In order 
to provide a model made out of support material 
which is surrounded by a relatively thin shell of 30 
solidified solidifiable material. This model can be 
readily employed as a pattern for investment casting 
of metals or other materials. 

Reference is now made to Fig. 22, which illus- 
trates a preferred embodiment of the system and 35 
method of the present invention and effectively 
summarizes many of the teachings which appear 
hereinabove. 

Fig. 22 illustrates a system 500 for producing three 
dimensional physical models which includes two 40 
basic subsystems, a mask producing subsystem 502 
and a physical model producing subsystem 504. The 
mask producing subsystem preferably comprises 
ionographic imaging apparatus 506, including an 
ionographic writing head 508, such as a writing 45 
cartridge incorporated in a model 2460 graphic 
engine found in a model S6000 printer, commercially 
available from Delphax Systems Corp. of Toronto, 
Canada. 

Writing head 508 comprises an array of ion guns 50 
which produce a stream of ions in response to 
received control currents which are provided by a 
graphic engine 510, such as the 2460 graphic engine 
mentioned above. Graphic engine 510 is operative to 
convert graphic data received in a conventional 55 
graphic format to the control currents. 

Writing head 508 writes onto a transparent 
dielectric surface 512 which coats a transparent 
conductive surface which is formed on the under- 
side of a transparent substrate 514, typically formed 60 
of glass. The substrate 514 is typically supported on 
a carriage 513 which travels along a linear guide 516 
transversely to writing head 508, which remains 
stationary. The conductive surface and the dielectric 
surface are preferably embodied in a commercially 65 



available film sold by Hanita Coatings of Hanita, 
Israel, and designated by Model No. HA 01215. 

After ion deposition at writing head 508, the 
substrate 514 moves into operative engagement 
with a developing unit 518, such as the developing 
unit incorporated as part of the aforementioned 
Model 2460 graphic engine. The developing unit 518 
is operative to deposit toner onto the ionized 
portions of the substrate 514 thereby generating a 
mask 515. 

The mask producing subsystem 502 also com- 
prises substrate cleaning and toner removal appara- 
tus 520 which removes the mask from the substrate 
after use. Apparatus 520 may include and a brushing 
unit 521 and a vacuum unit 522. A corona discharge 
device 523 electrically discharges the substrate after 
toner removal. Alternatively, the toner may be 
removed magnetically even by a roller employed as 
part of the developing unit. 

Following the developing of the latent ionographic 
image on the substrate 514, the substrate 514 leaves 
the mask producing subsystem 502 and is trans- 
ported to the physical model producing subsystem 
504. 

In the physical model producing subsystem 504, 
the mask bearing substrate is precisely positioned in 
operative engagement with an exposure unit 530, 
typically comprising a Model AEL1 B UV light source, 
available from Fusion UV Curing Systems of Rock- 
ville, MD. U.S.A. A mechanical shutter 532 controls 
the exposure. 

The three dimensional model is built up layer by 
layer on a model support surface 534 which can be 
selectably positioned along the X and Z axes by 
suitable conventional positioning apparatus 536. 
Initially the model support surface 534 is located in 
operative engagement with and under a resin 
applicator 540, such as a device identified by Part 
No. PN-650716 found in SNAH 88 of Nordson 
Corporation, Atlanta, Georgia. 

Applicator 540 receives a supply of resin from a 
reservoir 542 via a valve 544 and a supply pump 546 
and is operative to provide a layer 550 of resin onto 
support surface 534 which layer is of generally 
uniform thickness, typically 0.15 mm. Following 
application of a resin layer thereto, the surface 534 is 
positioned in operative engagement with, and under 
exposure unit 530, such that the mask formed on 
substrate 514 lies intermediate the light source and 
the layer 550 In proximity to layer 550 for proximity 
exposure as described above in connection with 
Fig. 1C. The shutter 532 is opened for an appropriate 
duration, typically 5 seconds, thus permitting expo- 
sure of the layer 550 through the mask 515 and 
consequent hardening of the exposed regions of the 
layer 550. The shutter is then closed. 

The mask 515 together with its substrate 514 is 
returned to the mask producing subsystem 502 for 
cleaning and preparation of a subsequent mask. In 
order to eliminate possible defects in the structure 
of the model due to inherent defects in the 
transmissivity of the substrate, such as the presence 
of air bubbles, cracks scratches therein, the orienta- 
tion of the substrate with respect to the ionographic 
imaging apparatus may be randomly varied for 
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subsequent layers by changing the relative position 
of the latent image 515 on the substrate 514 and 
precisely compensating for such variations at the 
exposure unit 530, in order to preserve the registra- 
tion of the layers of the model. Accordingly, the 
resulting defects do not occur at the same location 
in each subsequent layer and thus their effect is 
negligible. 

While a subsequent mask is being produced, the 
model generation process continues: the exposed 
layer 550 is positioned in operative engagement with 
a fluid strip generator 560 for removal of unhardened 
resin from layer 550, as described hereinabove in 
connection with Fig. 11. The generator 560 com- 
municates with a "push-pull" fluid circulator 562, 
which may comprise one or more pumps to provide 
desired positive and negative pressures. Generator 
560 also communicates with a separator 564 which 
separates non-solidified solidifiable material from 
the fluid stream and directs it to a reclamation 
reservoir 566. 

The thus cleaned layer 550 is then transported into 
operative engagement with a support material 
applicator unit 570 and associated reservoir 572, 
valve 574 and pump 576, which may be similar in 
construction and operation to units 540, 542, 544 
and 546 but provide a support material to fill in those 
regions in layer 550 from which the unsolidified 
solidifiable material was removed. Preferably the 
support material comprises a melted wax of a type 
mentioned hereinabove. Unit 570 provides a gener- 
ally uniform top surface to layer 550. 

After application of the melted wax to layer 550, 
the layer is preferably transported into operative 
engagement with a cooling unit 580, typically 
comprising a cooled plate 582, such as a block of 
aluminum furnished with internal channels for the 
passage of a coolant fluid in communication with a 
cooled coolant fluid supply 584, such as a Model 
Coolflow CFT-33 commercially available from NES- 
LAB Instruments Inc., Portsmouth, N.H. U.S.A.. Plate 
582 is positioned as desired by a positioning 
mechanism 586. The wax in layer 550 is cooled by 
intimate contact with cooled plate 582 in order to 
solidify it as quickly as possible prior to further 
processing, as will be described hereinbelow. 

Following solidification of the wax in layer 550, the 
layer is transported into operative engagement with 
a machining unit 590, typically comprising a conven- 
tional multi-blade fly cutter 592 driven by a motor 594 
and associated with a dust collection hood 596 and 
vacuum cleaner 598. Machining unit 590 is operative 
to trim the top surface of layer 550 to a precise, flat 
uniform thickness by removing, as appropriate, 
excessive thicknesses of both the solidified solidifi- 
able material and the solidified support material. 

It will be appreciated that the operation of the 
system for a single layer as described above is 
repeated multiple times, as the support surface 534 
is lowered correspondingly, producing a multilayer 
built up model having precisely controlled dimen- 
sions. 
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1. A system responsive to coordinate infor- 
mation for automatically providing a three- 
dimensional physical model of a desired geo- 

10 metry and comprising : 

means for selectably solidifying a solidifiable 
material on a sequential layer by layer basis 
characterized in that, following selectable so- 
lidification of a given layer, the non-solidified 

15 portions thereof are removed and replaced by a 

removable support material which is not solidifi- 
able under the same conditions as the solidifi- 
able material. 

2. A system for automatically providing a 
20 three-dimensional physical model of a desired 

geometry and comprising means for sequen- 
tially irradiating a plurality of layers of a 
solidifiable liquid via erasable masks produced 
in accordance with received coordinate infor- 
ms mation. 

3. A system for automatically providing a 
three-dimensional physical model of a desired 
geometry and comprising means for sequen- 
tially irradiating a plurality of layers of a 

30 solidifiable liquid via masks in a non-contacting 

proximity exposure wherein the masks are 
produced in accordance with received coordi- 
nate information, compensating for distortions 
resulting from the separation of the masks from 

35 the layers and the use of non-collimated 

illumination in the non-contacting proximity 
exposure. 

4. A method responsive to coordinate infor- 
mation for automatically providing a three- 

40 dimensional physical model of a desired geo- 

metry and comprising the step of selectably 
solidifying a solidifiable material on a sequential 
layer by layer basis characterized in that, 
following selectable solidification of a given 

45 layer, the non-solidified portions thereof are 

removed and replaced by a removable support 
material which is not solidifiable under the same 
conditions as the solidifiable material. 

5. A method of automatically providing a 
50 three-dimensional physical model of a desired 

geometry and comprising the steps of sequen- 
tially irradiating a plurality of layers of a 
solidifiable liquid via erasable masks produced 
in accordance with received coordinate infor- 
55 mation. 

6. A method for automatically providing a 
three-dimensional physical model of a desired 
geometry and comprising the steps of sequen- 
tially irradiating a plurality of layers of a 

60 solidifiable liquid via masks in a non-contacting 

proximity exposure wherein the masks are 
produced in accordance with received coordi- 
nate information, compensating for distortions 
resulting from the separation of the masks from 

65 the layers and the use of non-collimated 
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illumination in the non-contacting proximity 
exposure. 

7. A method according to claim 6 and also 
comprising the step of compensating the 
masks for distortions caused by separation of 5 
the masks from the layers and the use of 
non-collimated illumination by means of the 
application of a linear transformation. 

8. A method according to claim 5 and also 
comprising the step of exposure through the 10 
erasable mask in a line-by-line manner. 

9. A system according to claim 2 and wherein 
said means for sequentially irradiating com- 
prises an electro-optic shutter. 

10. A method according to claim 5 or claim 8 15 
and also comprising the step of writing the 
mask directly onto the surface of the solidifiable 
liquid. 

11. A system according to claim 2 or claim 9 

and wherein said means for sequentially ir- 20 
radiating comprises means for writing the mask 
directly onto the surface of the solidifiable 
liquid. 

12. A system according to any of claims 1, 2, 

3, 9 and 11 and wherein said solidifiable liquid 25 
comprises an active resin having a given 
shrinkage coefficient mixed with a second resin 
having a given expansion coefficient in order to 
provide a mixture which has a zero or near zero 
shrinkage coefficient. 30 

13. A method according to any of claims 4, 5, 6, 
7, 8 and 10 and comprising the step of 
irradiation of solidifiable material in a pattern 
such that, as shrinkage occurs and additional 
solidifiable liquid moves into place to take up 35 
the shrinkage and is solidified, uniform thick- 
ness of the entire solidified portion of the 
solidifiable liquid layer is maintained. 

14. A method according to any of claims 4, 5, 6, 

7, 8 and 10 and comprising the steps of 40 
irradiation of solidifiable material sequentially in 
complementary patterns. 

15. A system according to any of claims 1, 2, 3, 
9,11 and 12 and also comprising: 

means for providing coordinate information with 45 

respect to a three-dimensional element; 

means arranged to receive the coordinate 

information from the providing means and 

manipulate of the coordinate information so as 

to adapt it for use in three-dimensional mode- 50 

ling. 

16. A system according to claim 2 and also 
comprising electrophotographic means for 
generating said mask. 

17. A system according to claim 1 and wherein 55 
said support material is removable from said 
physical model without damaging the shape 
thereof or requiring disassembly thereof. 

18. A method according to claim 4 and also 
comprising the step of removing said support 60 
materia! by melting it. 

19. A method according to claim 4 and also 
comprising the step of removing said support 
material by application thereto of a solvent. 

20. A system according to any of claims 1 , 2, 3, 65 
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9, 11, 12, 15, 16 and 17 and comprising a mirror 
whose reflectance can be modulated in accord- 
ance with the coordinate information such that 
parts of the mirror are reflective, while other 
parts are not, thereby providing selectable 
illumination of said solidifiable material. 

21. A system according to claim 1 and also 
comprising means for removing unsolidified 
solidifiable material comprising means for ap- 
plying a solvent to the unsolidified solidifiable 
material, means for mixing the solvent with the 
unsolidified solidifiable material and means for 
suctioning the thus-dissolved unsolidified so- 
lidifiable material. 

22. A system according to claim 21 and also 
comprising means for solidifying residual unso- 
lidified solidifiable material. 

23. A system according to claim 1 and also 
comprising means for mechanically machining 
the layers building up the physical model. 

24. A system according to claim 1 and wherein 
said means for selectably solidifying comprises: 
means for applying a solidifiable liquid onto a 
support in layers; and 

means for irradiating said solidifiable liquid at a 
solidification plane defined therein, said means 
for irradiating including means for irradiating 
said solidifiable liquid through multiple masks. 

25. A system according to claim 1 and also 
comprising means for providing said removable 
support material in a melted state and means 
for subsequently cooling said support material 
for accelerating the hardening thereof. 

26. A system according to claim 1 and 
comprising fluid strip generating means for 
removal of non-solidified solidifiable material 
from said layer, thereby permitting reclamation 
of said non-solidified solidifiable material. 

27. A method according to claim 4 and also 
comprising the steps of generating a fluid strip 
in operative association with said layer for 
removal of non-solidified solidifiable material 
therefrom, thereby permitting reclamation of 
said non-solidified solidifiable material. 

28. A system according to claim 16 and also 
comprising means for magnetic removal and 
reclamation of material used in generating the 
mask. 

29. A method according to claims 5 or 6 and 
wherein said step of sequentially irradiating 
comprises the step of selecting the optical 
geometry to at least partially compensate for 
overflow of material used in generating the 
mask, by deliberately enlarging a light source 
employed in said irradiating step to enlarge the 
areas of said layer exposed through said mask. 

30. A system according to claim 15 and also 
comprising means for selectably associating 
stored shapes with said three dimensional 
model. 

31. A system according to claim 1 and wherein 
at least a portion of said removable support 
material is removed as a solid unit. 
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© A system responsive to coordinate information 
for automatically providing a three-dimensional phys- 
ical object (373) ot a desired geometry and compris- 
ing apparatus for selectably solidifying a solidifiable 
material on a sequential layer by layer basis char- 
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acterized in that following selectable solidification 
(372) of a given layer, the non-soiidified portions 
thereof are removed and replaced by a removable 
support material (374) which is not solidifiable under 
the same conditions as the solidifiable material. 
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